Melt-spun ribbons with nominal composition of Nd6Pr1Fe76B12Ti4C1 have been prepared at different quenching wheel speeds (5, 7.5, 10 and 15 m/s) and investigated for microstructural and magnetic properties. The asspun ribbons were examined by using x-ray diffractometry (XRD) with Cu-kα radiation and differential scanning calorimetry (DSC) and vibrating sample magnetometry (VSM). Based on the results obtained, it was shown that the lower speeds increased the magnetic properties. Hence, a uniform Nd2Fe14B/Fe3B nanocomposite structure with fine soft grains can be developed at an optimum quenching wheel speed of about 5 m/s. Further, it is seen that the higher quenching wheel speed leads to a lower grain size and higher amorphous phase amount.
INTRODUCTION
Nanocrystalline two-phases composite magnets consisting of a fine mixture of the soft phase grains uniformly distributed in the magnetically hard and soft phases have attracted much attention for potential permanent magnets development. [1] The mixture of nanocrystalline grains of hard and soft phases causes exchange coupling between the two phases, resulting in a large magnetic anisotropy originating from the hard-magnetic phase as well as a large saturation magnetization due to the soft-magnetic one. [2] In nanocomposite magnets the sizes of both the hard and soft phases are in the nanoscale range so that their magnetic moments are exchange coupled. Fischer et al. [3] proposed that an optimum microstructure consists of small soft magnetic grains with sizes of about 10 nm and hard magnetic grains with a mean grain diameter of about 20 nm. [3] In experimental studies, however, it is very difficult to develop a perfect microstructure with fine grains of the soft phase uniformly distributed in the nanocomposite magnets. [4] This is the reason why the experimental value is far from the theoretical value. The most practical method to produce nanostructured metallic materials is rapid solidification. Preparation of a nanocomposite permanent magnet by means of crystallization of a rapidly solidified amorphous alloy involves crystallization of multiple phases and is possible in two ways. The first is a direct method in which the two constituent phases crystallize during rapid solidification. The second is a two-step method in which an amorphous or ''over-quenched'' precursor alloy is crystallized by subsequent heat treatment. [5] As a liquid is cooled, two events can occur: either crystallization can begin at the melting temperature, or the liquid will become supercooled. If crystallization is suppressed, further decreases in temperature cause an increase in the viscosity of the liquid which may then form a glass. The glass temperature is reached when the viscosity of the melt equals 10 12 Nsm 2 .
[6] A metallic glass can be described in simple terms as a supercooled liquid which has not had enough time for crystallization. Good Glass Forming Ability (GFA) requires poor crystallization of the supercooled melt to obtain a glass. Crystallization has to be suppressed down to the glass temperature. Thus, the temperature difference between the melting temperature T m and the glass temperature T g is important. It should be noted that the glass temperature is not fixed and is dependent on the "cooling rate". As the cooling rate is increased, the glass transition temperature is raised. [6] Given the above less controllable conditions, a few investigations have, in recent years, been carried out in order to increase magnetic properties by changing the wheel speed parameters which are more controllable. Therefore, in this research the effect of quenching wheel speed on the structure and magnetic properties of melt spun Nd 6 Pr 1 Fe 76 B 12 Ti 4 C 1 have been investigated. was prepared by arc melting stoichiometric amounts of the constituent elements (purity 99.9 at. % or better) in an argon atmosphere. The ingots were melted 4 times to ensure homogeneity. Ribbons were produced by melt spinning on a copper wheel with different speeds (A 1 = 5, A 2 = 7.5, A 3 = 10, A 4 = 15 m/s) under an Ar atmosphere. The chamber Ar pressure was 930 mbar and the ejection pressure was 0.3 bars, and the orifice diameter of quartz tube was 0.5 mm. The thickness of the as-spun ribbons (80 -180 mm) decreased with wheel speed, confirming a steady increase of the cooling rate with increase of the wheel speed. The thermal analysis of the ribbons was carried out using a SETARAM DSC111 differential scanning calorimeter (heat-up rate 5 -40 8C/min) to determine the crystallization temperature. The phases and grain sizes of the samples were characterized by an x-ray diffractometer (Cu Kα radiation). Hysteresis loops of the ribbons were measured along the longitudinal direction of the ribbon with a vibrating sample magnetometer (VSM) after magnetizing in pulse fields of 1.2 MA m −1 . Figure 1 shows the DTA results of Nd 6 Pr 1 Fe 76 B 12 Ti 4 C 1 ribbons spun at different wheel speeds. It can be seen that the crystallization peak intensity decreases with the increase of the wheel speed, indicating an increase of the volume fraction of the amorphous phase, because the exchangecoupled interaction between the amorphous phase and the magnetically hard Nd 2 Fe 14 B phase is very weak. In addition, it is noticeable that there is only one exothermic peak for
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. The hysteresis loop results are illustrated in Fig. 2 , the calculated data are summarized in Table 1 and Fig. 3 which demonstrate the dependence of magnetic properties on the quenching wheel speed. Generally, the coercivity value is found to decrease with increase in the wheel speed. This is predominantly related to the degree of stresses introduced during the rapid quenching stage giving rise to a higher level of stress magnetic anisotropy. [7] For Nd 6 Pr 1 Fe 76 B 12 Ti 4 C 1 ribbons the best magnetic properties were achieved at the 5 m/s quenching wheel speed. Totally, soft phase abnormal grain growth which occurs at the higher quenching wheel speed leads to deterioration in the magnetic properties.
[8] The maximum energy product (BH max ), which is sensitive to exchange coupling and grain size, [9] was enhanced in A 1 and A 2 due to more suitable exchange coupling at lower quenching wheel speed. Powder x-ray diffraction patterns of the as-quenched Nd 6 Pr 1 Fe 76 B 12 Ti 4 C 1 ribbons obtained with various cooling rates are shown in Fig. 4 . The XRD scans of the as-spun ribbons can be used to qualitatively estimate the amount of glass formation. [6] The diffraction patterns show the changes in the structure of the as-spun ribbons from crystalline to partly crystalline to amorphous caused by increasing the wheel speed. It is seen that the microstructures of the three ribbons (A 1 , A 2 , A 3 ) is a mixture of amorphous and nanocrystalline phases. The proportion of the crystalline phase in the A 1 ribbon is higher than that in A 2 and A 3 ribbons because more XRD sharp peaks exist in the former. According to the Bragg equation 2dsinθ = λ, the higher value of the diffraction angle θ will result in the smaller interplanar distance d and corresponding smaller lattice constant of bcc structure, as determined from
[10] For example, taking 330 diffraction peak, the main peak of the Fe 3 B phase, into consideration, the lattice constant for as-milled ribbons is larger than the standard value a = 0.2866 nm. Meanwhile, with decreasing disc rotation speed, the diffraction peaks of Fe 3 B phase are gradually sharpened with stronger intensity. On the other hand, in the A 4 ribbon, because of the straight relation between cooling rate and wheel speed, formation of an [11] In addition, Fe 3 B has a higher nucleation rate but a lower growth rate, so its grain size remains small and becomes uniformly distributed in the lower speed ribbons. However, with increasing wheel speeds, an amorphous phase develops from the melt. The higher the wheel speed, the larger the volume fraction of the amorphous phase. [1] Furthermore, the number of nucleation sites for Fe 3 B decreases with increasing wheel speed due to the decreased amount of solidified Fe 3 B serving as nucleation sites. Hence, the grain size of Fe 3 B tends to become smaller in the amorphous matrix because of the inhomogeneity in composition. Even some abnormal growth of Fe 3 B can occur, resulting in deterioration of the magnetic properties.
CONCLUSIONS
The influences of quenching wheel speed on the microstructure and the hard magnetic properties in melt-spun ribbons of Nd 6 Pr 1 Fe 76 B 12 Ti 4 C 1 have been investigated and the followings are concluded:
1. The disc rotation velocity parameter has marked effects on the volume fraction of amorphous and crystalline phases, grain size, and the overall microstructure and magnetic properties of nanocomposite melt spun ribbons.
2. Lower disc rotation speed leads to increasing volume fraction of the crystalline phase and it improves the magnetic properties of the rapid solidification ribbons.
3. The quenching disc rotation speed has an optimum rate. Lower optimal wheel speeds will result in excessive grain growth and deterioration in the magnetic properties. On the other hand, higher disc rotation speed reduces the volume fraction of the crystalline phase and prevents the formation of ideal grain size.
4. In the Nd 6 Pr 1 Fe 76 B 12 Ti 4 C 1 composition, the best magnetic properties were obtained at the 5 m/s quenching wheel speed.
